Pericentrin is a large coiled-coil protein in mammalian centrosomes that serves as a multifunctional scaffold for anchoring numerous proteins. Recent studies have linked numerous human disorders with mutated or elevated levels of pericentrin, suggesting unrecognized contributions of pericentrin-related proteins to the development of these disorders. In this study, we characterized AnPcpA, a putative homolog of pericentrin-related protein in the model filamentous fungus Aspergillus nidulans, and found that it is essential for conidial germination and hyphal development. Compared to the hyphal apex localization pattern of calmodulin (CaM), which has been identified as an interactive partner of the pericentrin homolog, GFP-AnPcpA fluorescence dots are associated mainly with nuclei, while the accumulation of CaM at the hyphal apex depends on the function of AnPcpA. In addition, the depletion of AnPcpA by an inducible alcA promoter repression results in severe growth defects and abnormal nuclear segregation. Most interestingly, in mature hyphal cells, knockdown of pericentrin was able to significantly induce changes in cell shape and cytoskeletal remodeling; it resulted in some enlarged compartments with condensed nuclei and anucleate small compartments as well. Moreover, defects in AnPcpA significantly disrupted the microtubule organization and nucleation, suggesting that AnPcpA may affect nucleus positioning by influencing microtubule organization.
P ericentrin is an integral component of the centrosome that serves as a multifunctional scaffold for anchoring numerous proteins and protein complexes (12, 37) . Its orthologs kendrin (Homo sapiens), pericentrin (Mus musculus), Spc110 (Saccharomyces cerevisiae), Pcp1p (Schizosaccharomyces pombe), and centrosomin (Drosophila melanogaster) all contain the predicted coiled-coil secondary structure and the COOH-terminal calmodulin-binding region (6, 8, 9, 26, 41) . In the budding yeast Saccharomyces cerevisiae, Spc110p facilitates mitotic spindle formation from the fungal centrosome, or spindle pole body (SPB) (8) . Similarly, the fission yeast pericentrin-like protein Pcp1 regulates multiple functions of the SPB by recruiting two critical factors: the ␥-tubulin complex and polo kinase (10) . Moreover, previous studies have linked spindle formation to mutated or elevated levels of pericentrin, as the mutation of Pcp1 results in defective monopolar spindle microtubules (10) , while overexpression of Pcp1 causes multiple mitotic spindle fragments and chromosome missegregation (8) . Clearly, proper expression of centrosomal pericentrin-related protein plays a pivotal role in mitotic spindle formation during cell division. In addition, recent studies have linked numerous mammalian disorders to the function of pericentrin (5, 18, 37) . For example, mice receiving transplants of pericentrin-depleted islets exhibit abnormal fasting hypoglycemia and the inability to regulate blood glucose during a glucose challenge (19) . Moreover, mutations in pericentrin have also been related to human microcephalic osteodysplastic primordial dwarfism II (MOPDII), a rare genetic disease characterized by severe growth retardation and early onset of type 2 diabetes (36, 37) . Such findings suggest unknown functions for these pericentrin-related proteins in mediating the cellular process of these disorders (19) . In addition, previous research has highlighted the ability of these scaffolding proteins to adapt and regulate diverse cellular processes (5) . The disruption of pericentrin function has recently been suggested to contribute to human disease through multiple mechanisms. To date, pericentrin function has been linked to four human disorders: primordial dwarfism, human cancer, mental disorders, and ciliopathies (5, 36, 37) . Thus, studies that examine pericentrin's function at cellular, molecular, and organismal levels can help to generate models through which the etiology of these disorders may be better understood. Previous studies on disruption of the pericentrin gene in mice by insertional mutagenesis using gene trap technology that leads to embryonic lethality suggest that the Pcp1 homolog in mammalian cells is essential for animal survival (5, 6) . Thus, research on the function of the Pcp1 homolog has been conducted using RNA interference (RNAi)-mediated knockdown in cultured mammalian cells instead of knockout of pericentrin (54) . However, when cellular and molecular changes are being explored in order to explain the connection between pericentrin and cellular disorders, approaching the localization of Pcp1 globally using green fluorescent protein (GFP) tagging techniques in live cells represents a challenge. Thus, using simple eukaryotic microorganisms as a model can facilitate our understanding of many cellular processes that are common in mammalian cells. Unlike yeasts, the filamentous fungus Aspergillus nidulans contains the mycelium of multi-nucleate cells as well as attached daughter cells after cell division; therefore, A. nidulans can endure defects in cytokinesis, enabling clear identification of the regulation features that characterize cell division (7, 38, 53) . In this study, the functional characterization of a pericentrin-related protein homolog in A. nidulans was examined using recombination strains at the targeted pcpA gene with either an inducible alcA promoter or null deletion. Our data collectively provide direct evidence that AnPcpA not only plays an important role in nucleus positioning by affecting microtubule organization and nucleation but also has a unique and complex function in cell polarity.
MATERIALS AND METHODS

Strains, media, culture conditions, and transformation. A list of A.
nidulans strains used in this study is provided in Table 1 . The media YAG, YUU, YUUK, MMGR, MMGPR, and MMGTPR are described elsewhere (20, 46) . Growth conditions, crosses, and inducing conditions for alcA(p)-driven expression were as previously described (45) . Transformation was performed as described previously (27, 35) . Expression of tagged genes under the control of the alcA promoter was regulated by different carbon sources: repressed on glucose, derepressed on glycerol, and induced on threonine.
Construction of the AnpcpA deletion strain. A strain containing AnpcpA-null mutation was created by double joint PCR (52) . The Aspergillus fumigatus pyrG gene in plasmid pXDRFP4 was used as a selectable nutritional marker for fungal transformation. Linearized DNA fragment 1, which included a sequence of about 996 bp that corresponded to the regions immediately upstream of the AnpcpA start codon, was amplified with the primers Diag-del-AnpcpA-5= and AnpcpA-pre-3= (see Table S1 in the supplemental material). Linearized DNA fragment 2, including a sequence of about 992 bp that corresponded to the regions immediately downstream of the AnpcpA stop codon, was amplified with primers AnpcpA-post-5= and AnpcpA-post-3= (see Table S1 ). Lastly, purified linearized DNA fragments 1 and 2 plus pyrG were mixed and used in a fusion PCR with primers Full5= and Full3=. The final fusion PCR product was purified and used to transform into A. nidulans strains TN02A7. A diagnostic PCR assay was performed to identify the deletion of the AnpcpA gene with the primers Diag-del-AnpcpA-5= and Diag-AfpyrG-3=. A similar strategy was used to construct the AnpcpA deletion strain in the SJW100 background. The A. nidulans pyroA gene in plasmid pQa was used as a selectable nutritional marker for fungal transformation. Linearized DNA fragment 1 was amplified with the primers Diag-del-AnpcpA-5= and P3-SJW100-de (see Table S1 ). Linearized DNA fragment 2 was amplified with primers P4-SJW100-de and AnpcpA-post-3= (see Table S1 ). Lastly, purified linearized DNA fragments 1 and 2 plus pyroA were mixed and used in a fusion PCR with the primers Full5= and Full3=. The final fusion PCR product was purified and used for transformation into A. nidulans strains SJW100. A diagnostic PCR assay was performed to detect the deletion of the AnpcpA gene using primers Diag-del-AnpcpA-5= and Diag-pyroA-3=.
Tagging of AnPcpA with GFP. To generate an alcA(p)-GFP-AnpcpA fusion construct, a 1,051-bp fragment of AnpcpA was amplified from GR5 genomic DNA with primer AnpcpA-5= (NotI site included) and primer AnpcpA-3= (XbaI site included) (see Table S1 in the supplemental material). The 1,051-bp amplified DNA fragment was cloned into pLB01 (22, 24) , yielding pLB01-AnpcpA5=. This plasmid was transformed into TN02A7. Homologous recombination of this plasmid into the AnpcpA locus should result in N-terminal GFP fusion of the entire AnpcpA gene under the control of the alcA promoter. The transformant, which was able to form a normal colony under inducing conditions but could not grow under repressing conditions, was subjected to PCR analysis using a forward primer (Diag-GFP-5=) designed to recognize the gfp sequence and a reverse primer (Diag-AnpcpA-3=) designed to recognize the 3= AnpcpA sequence.
Microscopy and imaging processing. Several sterile glass coverslips were placed on the bottom of petri dishes, and gently overlaid with 1 ml liquid medium amended with 0.07 ml spore suspension (5 ϫ 10 7 /ml). Strains were grown on the coverslips at related temperature prior to observation under microscope. The GFP-AnPcpA signal was observed in live cells by placing coverslips on a glass slide. DNA and chitin were stained using 4=,6-diamidino-2-phenylindole (DAPI) and calcofluor white (CFW) (Sigma-Aldrich, St. Louis, MO), respectively, after the cells had been fixed with 4% paraformaldehyde (Polysciences, Warrington, PA) (15) . For immunofluorescent detection of actin, the growing hyphae were fixed in phosphate-buffered saline (PBS) (pH 7.4) with 4% paraformaldehyde at room temperature for 30 min. After three washes in PBS, cells were permeabilized with 0.5% Triton X-100 in PBS for 15 min, washed three times with PBS, and blocked in blocking buffer (1% bovine serum albumin in PBS) at room temperature for 30 min. Cells were then stained with mouse anti-actin monoclonal antibody (1:200; MP Biomedicals) as the primary antibody, washed three times with PBS, and then incubated with Alexa Fluor 546-labeled rabbit anti-mouse IgG (1:400; Invitrogen) as the secondary antibody. Differential interference contrast (DIC) images of the cells were collected with a Zeiss Axio Imager A1 microscope (Zeiss, Jena, Germany). These images were then collected and analyzed with a Sensicam QE cooled digital camera system (Cooke Corporation, Germany) with MetaMorph/MetaFluor combination software package (Universal Imaging, West Chester, PA), and the results were assembled in Adobe Photoshop 7.0 (Adobe, San Jose, CA). and was named AnPcpA; this is the same as An110p, identified by Flory et al. (8) . AnPcpA shares 30% amino acid sequence identity with Pcp1 in S. pombe and 28% with kendrin in H. sapiens. Furthermore, the AnpcpA gene is 3,915 nucleotides long and contains three introns and four exons. It translates into a predicted protein of 1,207 amino acids, including a coiled-coil domain and a conserved PACT (pericentrin-AKAP-450 domain of centrosomal targeting) protein ( Fig. 1 ) (11) . To understand the molecular characterization of pericentrin homologs in filamentous fungi compared to single-cell yeasts and other eukaryotic organisms, we carried out conserved-domain Blast searches for these homologs. As shown in Fig. 1 , all selected homologs included a coiled-coil domain in the central portion of the protein and a PACT domain located near the C terminus. In addition, alignment analyses indicated that the percent identity for whole sequences of fungi and animals is not high but that the region of the PACT domain in homologs is relatively conserved.
RESULTS
AnPcpA is a putative pericentrin-related protein homolog in A. nidulans. To search the homolog of pericentrin-related protein in
AnpcpA is an essential gene. To further determine the function of the pericentrin-related protein PcpA in A. nidulans, we created the AnpcpA deletion strain CPA01, in which the pcpA open reading frame was replaced with the nutritional marker AfpyrG ( Fig. 2A ). PCR analysis showed that the AfpyrG nutritional marker had been integrated into the genome at the original AnpcpA locus, but the AnpcpA gene could still be detected, indicating the possibility that heterokaryons existed ( Fig. 2B ). To better observe the resultant phenotype, we inoculated spores from a transformant onto selective medium (YAG); they were unable to germinate normally or form detectable colonies. However, when inoculated onto nonselective YUU medium, the spores germinated and formed colonies in the same time period as in YAG (Fig. 2C ). Moreover, microscopic examination indicated that germlings from transformants cultured on the selective YAG medium had severe defects in establishing and/or maintaining polarity, accom-panied by abnormal septum shape and random nucleus distribution ( Fig. 2E and F). With increasing culture time, most mutants exhibited a lethal phenotype in which protoplasm erupted from the cell (Fig. 2D ). According to the standard protocol used to detect the essential gene as previously described (34) , these results clearly indicate that the transformant was a heterokaryon and that AnpcpA is an essential gene in A. nidulans.
GFP-AnPcpA fluorescence dots are associated with nuclei. Because AnpcpA is essential, the deletion strain CPA01 could not be used for further study. Instead, we constructed a conditional strain in which the AnpcpA gene was under the control of the inducible/repressible alcA promoter [alcA(p)] as regulated by the carbon source: repressed on glucose, derepressed on glycerol, and induced on threonine. As shown in Fig. 3A , the AnpcpA gene was fused to the original locus under the control of alcA(p), resulting in a strain which we refer to as CPA02. When CPA02 was inoculated into inducing or derepressing medium, it showed slightly slow colony growth compared to the wild type at the beginning, but with increasing culture time, the CPA02 colonies were mostly similar in size to the wild type. This indicates that the AnPcpA with GFP fused to its N terminus was functional. In comparison, under the repressing conditions, CPA02 formed almost no detectable colonies when cultured for 24 h at 37°C. However, when culturing was extended to 48 h, CPA02 displayed very small, densely packed colonies ( Fig. 3C) . Thus, the global deletion strain CPA01 showed a more severe lethal phenotype than did the conditional knockdown strain CPA02.
Using live-cell imaging of CPA02, we examined the subcellular localization of AnPcpA throughout the cell cycle. As shown in Fig.  3E , GFP-AnPcpA fluorescence was distributed along the mature hypha as spot accumulations, which seem to have been associated with the nuclei, most likely at the SPBs. During the interphase, GFP-AnPcpA was localized as a dot associated with a nucleus; however, in mitosis with an elongated nucleus, two of the GFP-AnPcpA fluorescence dots moved to opposite ends of the nucleus (Fig. 3E) . To further analyze the localization of AnPcpA under the control of its own promoter, we constructed both GFP and red fluorescent protein (RFP) fusions at the C terminus of AnPcpA under the control of its promoter (see Fig. S3 in the supplemental material). Unfortunately, for an unknown reason, we could not find any GFP or RFP signal. Thus, we used CPA02 in which AnPcpA had a GFP fusion at the N terminus to detect the localization of AnPcpA in subsequent experiments. In addition, to test whether the expression of AnPcpA under different culture conditions could cause the mislocalization of GFP-PcpA in CPA02, we assessed the localization of GFP-PcpA. It showed that the GFP-PcpA localization pattern under derepressing conditions on glycerol was similar to patterns obtained under inducing conditions on threonine (Fig. 3E ). This suggests that the overexpression of alcA promoter could not cause mislocalization of GFP-PcpA in CPA02.
A defect in AnPcpA disturbs hyphal polarity and localization of calmodulin. To further verify the above finding (i.e., that the deletion of AnPcpA caused the polarity defect), the spores of the conditional strain CPA02 were cultured on YAG medium, where AnPcpA expression was turned off (Fig. 4A ). Consequently, depletion of AnPcpA resulted in a prolonged spore isotropic growth period, so that the wild-type strain started to germinate when the cells were cultured for 6 h at 37°C, while CPA02 was unable to germinate at all and instead showed an abnormally swollen conidiospore. After incubation for about 19 h on YAG, CPA02 displayed a hyperbranching phenotype with multiple polarity axes in germlings. These data suggest that AnPcpA may help establish and maintain polar growth. Because genomic information analysis indicated that a calmodulin (CaM) binding domain exists at the C terminus of AnPcpA, we wondered whether the polarity problems caused by the depletion of AnPcpA could be associated with the function of CaM. Our previous research demonstrated that CaM plays an important role in maintaining hyphal polarity, as indicated by the dense accumulation of CaM at the hyphal apex (4) . To test whether CaM localization during polar growth of hyphae is influenced by AnPcpA depletion, we crossed CPA02 with the RFP-CaM-expressing strain CSA02-2 to produce strain CPA03, which included CaM-RFP under the control of the CaM native promoter and the fusion of GFP-AnPcpA under the control of the alcA promoter. Notably, when the expression of GFP-AnPcpA was inhibited in the repressing medium, as shown in Fig. 4B and C (right), the localization pattern of CaM-RFP changed dramatically, resulting in diffused and random CaM localization in germlings and mature hyphal cells. In contrast, when the expression of AnPcpA was induced, a high concentration of CaM accumulated at the tip of the germinated spore (Fig. 4B, top ) and the hyphal apex (Fig. 4C, left) , as expected. This indicates that the accumulation of CaM at the hyphal apex depends on proper functioning of AnPcpA. In comparison, when the inducible alcA(p)::GFP-CaM strain CSA01 was treated with 10 g/ml nocodazole, a reagent that interferes with the polymerization of microtubules, germlings also showed diffused fluorescence distribution throughout the hyphal cell along with noncentral GFP-CaM localization at the tip (Fig. 4D ). This suggests that AnPcpA affected the localization of CaM and may be related to the function of microtubules.
Down-regulation of AnPcpA results in the formation of abnormal septa. Previous studies verified that mitotic signals are able to direct the assembly of the septal band (28, 49) ; furthermore, the pcpA deletion strain CPA01 has been shown to exhibit a clearly abnormal septum shape. To confirm whether the depletion of AnPcpA affects the developmental process of septation, we switched the cultured hyphal cells in CPA02 from the inducing MMGPR medium to the repressing YAG medium, in which the expression of AnPcpA was turned off. After the cells had been switched to the YAG medium for 4 h, septa in mature hyphal cells could be detected by DIC microscopy. However, the shape of the hyphal cells had been mostly changed in such a way that the shank of the hyphal cell had been twisted to become an uneven hyphal tube (Fig. 5A, bottom) . Especially at the septum site, the septum seems to be much narrower than that in other regions, resulting in an abnormally contracted septum that was significantly different from that seen in the presence of AnPcpA. This suggests that the maintenance of septum in mature cells requires a role performed by AnPcpA. Normally, septum formation requires the assembly of a septal band, which is accomplished by the contraction of a contractile actin ring along with the deposition of chitin at the septum (14) . We wondered whether this abnormal septum phenotype was related to the defect in the formation of the actin ring or the deposition of chitin. As shown in Fig. 5A , septa of hyphal cells CPA02 were able to be stained with calcofluor white during the depletion of AnPcpA, indicating chitin deposition on the septum. Meanwhile, immunofluorescence analysis indicated that actin rings could be stained at some of the abnormal septum sites when induced mycelium was switched to repressing medium for 4 h. This suggested that the depletion of AnPcpA did not affect actin ring formation (Fig. 5B) . These data suggest that AnPcpA is involved in the maintenance of septum shape but is not required for actin ring formation and chitin deposition at the septum site during septation.
AnPcpA is required for nuclear positioning. Based on the finding that germlings in the AnpcpA deletion mutant have a highly abnormal distribution of nuclei, we asked how AnPcpA affects the positioning of nuclei. To answer this question, the spores of the conditional strain CPA02 were cultured on the inducing medium MMGPR for 5 h and were then switched to the repressing medium YAG for 4 h. At this time point, the fluorescence signal of GFP-PcpA appeared to be very weak and diffused throughout the cytoplasm (Fig. 6 ), which indicated that the expression of AnPcpA had been successfully turned off. Notably, due to the decrease of GFP-PcpA, the conidia of the CPA02 strain showed an abnormally extended isotropic swelling pattern accompanied by an increased number of nuclei in the spore in YAG (Fig. 6A) . Thus, inhibited expression of AnPcpA might be capable of stopping the polarized growth but not able to block mitosis; this results in localization of multiple nuclei in the spore. Perhaps most interestingly, shifting developed mycelia or germlings from inducing MMGPR medium to repressing YAG medium resulted in hyphal remodeling (( Fig. 6A, B , and C; also, see Movie S1 in the supplemental material) and reorganized nuclear distribution ( Fig. 6A, B , and C) with the decrease of GFP-AnPcpA. Consequently, depletion of AnPcpA resulted in random nuclear distribution accompanied by uneven hyphal shape. Interestingly, the size of the mycelium seemed to depend on the accumulation of nuclei so that the expanded region of mycelium included numerous nuclei, whereas the anucleate region shrank ( Fig. 6C and E) . These uneven shapes of hyphal cells were accompanied by random nuclear distribution with depletion of AnPcpA. This result indirectly implies that the defect of AnPcpA results in nuclear abnormal positioning, possibly by affecting nuclear anchoring. In contrast, after being switched from YAG to MMGPR, the cells displayed the recovery of the GFP-AnPcpA signal as well as polarized growth (Fig. 6D ), suggesting that under repressive conditions, CPA02 might not undergo loss of viability at that time point.
Deletion of AnpcpA causes a defect in microtubule nucleation. To further determine whether the abnormal nucleus distribution caused by depletion of AnPcpA was due to the defect in the cytoskeleton, we examined actin localization with an immunostaining experiment. Unexpectedly, no detectable difference in the actin distribution pattern in the growing hyphal tips between mutant and wild-type strains was observed (Fig. 7A) . Because fungal nuclear migration during interphase depends on the presence of intact microtubules (25, 29, 33) , these results suggest that AnPcpA may act as a cortical anchor for interphase microtubules, thereby stabilizing the position of the nucleus. To further analyze the relationship between AnPcpA and microtubule organization, the AnpcpA gene was deleted in the background of the SJW100 strain, which had a visual GFP-TubA fusion in live cells. PCR analysis showed the integration of the AnpyroA4 nutritional marker into the genome at the original AnpcpA site in the background of the GFP-TubA fusion strain (see Fig. S1 in the supplemental material). As indicated by the results in Fig. 2 , AnpcpA is an essential gene. Thus, we obtained the heterokaryons only in transformants in which both the AnpcpA deletion strain with AnpyroA4 integration and the wild type without AnpyroA4 insertion coexisted. As predicted, two different types of transformants were observed. Based on the phenotypes that the AnpcpA deletion CPA01 strain had displayed, we selected germlings that had phenotypes similar to those of CPA01 in terms of transformants to check spindle formation visually by GFP-TubA fusion. In the control strain SJW100, as shown in Fig. 7B , GFP-TubA displayed the GFP fluorescence signal with a clear parallel bundle of interphase microtubules in most cases. Moreover, by using time-lapse images, we can clearly see the process of mitotic spindle development from a short spindle to a full-length spindle. In comparison, when AnpcpA was deleted, all selected mutants displayed abnormal irregular accumulation of GFP-TubA. We could not find any clear spindle structure, even though some of them possibly belonged to monopolar or multipolar spindle microtubules, suggesting remarkable defects in microtubule organization. After staining with DAPI, there were abnormally shaped nuclei localized in the basal cells or germ tubes of mutants (Fig. 7B) .
To analyze how the microtubule organization was affected by AnPcpA expression, we constructed a TubA-RFP fusion at the C terminus of TubA in the alc(p)-GFP-AnPcpA background (see . This RFP-pyrG cassette has been successfully used in construction of RFP-tagged CaM strain CSA02. Unfortunately, however, after checking all homologous TubA-RFP integration transformants, we could not find any RFP signal. Previous research has demonstrated that TubA tagged with GFP at the N terminus is functional (13, 17) . Possibly, the RFP signal fused at the C terminus of TubA under the control of the native promoter was blocked by this fusion protein, or the native promoter of tubA is not strong enough to induce RFP to be seen at the C terminus of TubA. To further test whether this abnormal phenotype was linked to microtubule organization, the germlings of SJW100 were treated with 5 g/ml benomyl (a reagent that inhibits microtubule polymerization and dynamics). Consequently, with the increase of defects in microtubule organization labeled by GFP-TubA, the selected transformants showed a phenotype with abnormal hyphal shape similar to that caused by the defect of AnPcpA (Fig. 7C ). Under the same culture conditions, GFP-TubA displayed a clear parallel bundle of microtubules and some spindle structures in SJW100 without benomyl treatment ( Fig. 7D and E) . These data suggest that AnPcpA may be involved in directing the assembly of microtubule organization.
DISCUSSION
Recent studies have linked a growing list of human disorders to mutated or elevated levels of pericentrin (2, 5, 6, 21) . Notably, pericentrin mutations have been shown to be present in all MOPDII patients examined, which confirmed the genetic homogeneity of this disorder (37, 48) . Although the disruption of pericentrin function could contribute to human disease through multiple mechanisms, a unifying theme among the diverse deficiencies associated with pericentrin-associated disorders is the loss of microtubule integrity (5, 54) . To further explore the connection between pericentrin and cellular function, this study used the model filamentous fungus A. nidulans and verified the global localization and the functional characterization of a Pcp1 homolog by GFP tagging techniques in live cells and by the null deletion technique. Our data collectively provide direct evidence that AnPcpA, a putative pericentrin-related protein homolog in A. nidulans, is essential and not only plays important roles in nuclear positioning by affecting microtubule organization and nucleation but also has a function in polar growth.
Relationship between AnPcpA and CaM. From domain analysis results for the molecular characterization of pericentrin homologs in selected eukaryotic organisms ( Fig. 1) , it is clear that all pericentrin homologs include a coiled-coil region present in the central area of the protein and a PACT domain located near the C terminus. Previous studies determined that the pericentrin homologs Spc110p in S. cerevisiae, Pcp1p in S. pombe, and kendrin in H. sapiens contain a calmodulin-binding site at the COOH terminus (8, 9, 41) . In S. cerevisiae, Spc110p directs CaM via its CaMbinding site to the central plaque of the SPB to mediate the process (Bottom) Germlings from a strain with a deletion of AnpcpA in the SJW100 background showed very severe defects in microtubule organization and irregular GFP-TubA accumulation. Nuclei were stained with DAPI. (C) Conidial spores from SJW100 labeled with GFP-TubA were inoculated in MMGPR for 9 h and then switched to MMGPR amended with 5 g/ml benomyl for 3 h. The nuclei were stained with DAPI. (D and E) As the control for cells shown in panel C, conidial spores from SJW100 were inoculated in MMGPR without benomyl for 12 h, the cytoplasmic microtubule was labeled with GFP-TubA, and the nuclei were stained with DAPI during interphase (D) and mitosis (E). Bars, 5 m. of mitosis (39) . Mutations that block the binding of CaM to Spc110p have been reported to cause multiple mitotic defects (40) . In A. nidulans, as shown with live-cell images in Fig. 4C , both GFP-AnPcpA and CaM-RFP showed clear colocalization as spot accumulations along the mature hypha at the location associated with nuclei. Our previous work verified that, during mitosis, CaM was localized to the mitotic spindle poles (see Fig. S2 in the supplemental material); thus, it is probable that GFP-AnPcpA and CaM-RFP were colocalized at the SPBs during mitosis. Notably, when AnPcpA was downregulated by switching the conditional strain CPA02 to the repressing YAG medium, the germlings showed severe defects, with abnormally shaped septa and a random distribution of the diffused nuclei, which is a phenotype similar to that caused by the defect of microtubules (Fig. 7C ). In addition, we found that AnPcpA depletion resulted in a severe defect in polar growth, which was accompanied by the hyperbranching phenotype with multiple polarity axes (Fig. 4A ). This is a phenotype similar to that caused by a defect in CaM (4) , which suggests that AnPcpA may have a complex function with CaM and may be involved in polar growth. Unexpectedly, there was no detectable accumulation of GFP-AnPcpA at the hyphal apex, which indicated that AnPcpA may not be directly required for polar growth. In this respect, CaM is completely different from AnPcpA (4). Our results imply that the depletion of AnPcpA causes this cell polarity defect, possibly by affecting the trafficking of CaM, which is a key regulator of polar growth. Figure 4C shows that, as predicted, CaM accumulation at the hyphal apex can be dramatically blocked by the depletion of AnPcpA, resulting in a random distribution of the CaM-RFP signal along the whole hyphal cell. Because the deletion of AnPcpA caused a defect in microtubule organization (Fig. 7B) , resulting in the elimination of CaM accumulation at the hyphal apex (Fig. 4D) , the abnormal accumulation of CaM in hyphal cells may have been a result of the defect in microtubule organization.
Depletion of AnPcpA resulted in abnormal microtubule organization and nuclear distribution. A large body of evidence supports a role for pericentrin in microtubule nucleation and spindle organization (30) . Dysfunction of pericentrin results in mitotic spindle defects, chromosome missegregation, and mitotic failure, which could lead to cell cycle arrest and/or cell death (37) . However, as shown in Fig. 2E and Fig. 6 , deletion or depletion of AnPcpA caused an abnormally extended isotropic swelling pattern; this pattern was accompanied by an increased number of nuclei present within the spore and hyphal cell. It can be inferred that deletion of AnpcpA or inhibition of AnPcpA expression might be unable to block mitosis; possibly when strains were switched from inducing medium to repressing medium, AnPcpA could not be used up immediately, and the residual activity of the alcA promoter under repressing condition allowed mitosis to occur. Consequently, depletion or deletion of AnpcpA caused the irregular spindle formation, resulting in abnormal segregation of DNA and the defect in the mitotic-specific reorganizations. Perhaps most interestingly, when mature hyphal cells were switched from the inducing to the repressing medium, the shape of the hyphal cells as well as the nuclear distribution inside the cells was remarkably changed or reorganized, and these changes were accompanied by decreased AnPcpA expression. As a result, more nuclei accumulated in the abnormally expanded region of the mycelium. In contrast, in most of the constricted regions, no nuclei were detected under conditions that repressed AnPcpA expression ( Fig. 6C ).
This finding clearly indicates that AnPcpA is necessary for nuclear normal positioning.
Previous studies have shown that proper nuclear distribution first requires the active migration of nuclei, followed by the anchoring of nuclei to the cytoplasm microtubule and then their attachment to the plasma membrane (44, 50, 51) . During this process, microtubule organization, actin cytoskeleton, and motor proteins play important roles; thus, blocking any of their components results in abnormal nuclear trafficking and nuclear distribution (3, 32, 50, 51) . In S. cerevisiae, Spc110 operates as a spacer protein in SPBs, and its amino and carboxy termini are anchored at the inner and central plaques of the SPB, respectively (16, 39, 42) . The N terminus of Spc110 has an affinity for its protein complex, for recruiting the yeast ␥-tubulin complex at the inner plaque, and for initiating the nucleation of nuclear microtubules (22, 54) ; another component of SPB that is located at the outer plaque is important for docking the ␥-tubulin complex to initiate the nucleation of cytoplasmic microtubules (1, 23, 47) . Similarly, in S. pombe, it has been shown that the pericentrin protein homolog Pcp1p plays the essential role of connecting microtubules to the SPB and that Pcp1p links the polo kinase and ␥-tubulin entry to spindle formation in both SPB assembly and microtubule nucleation (10) . Our results ( Fig. 7) show that deletion of AnpcpA caused the severe defect in cytoplasmic microtubule organization with abnormal and irregular GFP-TubA accumulation. This suggests that the abnormal nuclear distribution caused by the depletion of AnPcpA may be the result of the defect of microtubule organization. Thus, AnPcpA not only is required for nucleation of cytoplasmic microtubules but also may play a role in anchoring interphase microtubules to cortical membranes for stabilizing the position of the nucleus. Future studies on how AnPcpA affects microtubule organization should clarify the details of AnPcpA's function in nucleus positioning.
